ABSTRACT: Bioconjugation of siRNAs with chemical moieties is an effective strategy to improve the stability and cellular uptake of siRNAs. However, chemical conjugations of siRNAs are always challenging because of siRNAs' extremely poor stability. Therefore, a new strategy to attach a chemical moiety to siRNA without chemical reaction is highly needed. Peptide nucleic acids (PNAs) are DNA analogues in which the phosphate ribose ring in the backbone is replaced with a polyamide. Compared to DNA, PNA has a higher affinity for complementary DNA and better chemical stability. We, therefore, employed PNAs as a complementary linker to attach chemical moieties to siRNAs by annealing. The objective of this study is to develop an easy but efficient strategy to noncovalently attach chemical moieties to siRNAs without chemical modification of the siRNAs. We identified a PNA complementary sequence for hybridizing with siRNAs. Also, we compared the stability and silencing effects of different siRNA−PNA chimeras, which were annealed at different termini of the siRNA. siRNAs with a PNA annealed to the 3′ end of the sense strand exhibited enhanced stability in the serum and maintained a good silencing effect. The siRNA− PNA chimera was then employed in two delivery systems to deliver the PCBP2 siRNA, a potential antifibrotic siRNA, to hepatic stellate cells. In both systems, the chimera demonstrated high cellular uptake and silencing activity. The results suggested that the siRNA−PNA chimera is an easy and efficient approach to attach targeting ligands or chemical moieties to siRNAs without chemical modification of the siRNA. This new technology will greatly reduce the difficulty and cost in conjugating chemical moieties to siRNAs.
■ INTRODUCTION
RNA interference (RNAi), an endogenous mechanism employed by many species to regulate gene expression, has received extensive interest from academia and industry since its discovery. 1−3 Small interfering RNAs (siRNAs) are a class of double-stranded RNAs comprising 21−25 nucleotides, which can precisely degrade complementary mRNA through the RNAi pathway. siRNAs have numerous distinct advantages, including high specificity, high potency, and easy accessibility to various targets. A number of siRNA therapeutics are evaluated in clinical trials, and the recent success of Alnylam's siRNA therapeutics (Patisiran) in a phase III trial may pave the way for the approval of the first-ever siRNA drug. Despite its promising therapeutic potential, it still faces several challenges, including poor stability of siRNAs and the lack of efficiently targeted delivery systems. Various nonviral carriers, such as liposomes, lipids, and polymers, have been extensively studied to overcome these challenging barriers and have shown promising results in preclinical studies. However, potential cytotoxicity and undesired immune response associated with the use of these materials, particularly cationic agents, limit their clinical applications. In contrast, direct conjugation of various moieties, such as lipids, peptides, polymers, or proteins, to siRNAs represents an alternative strategy to deliver siRNAs into target cells. These bioconjugates have exhibited improved pharmacokinetic performance in vivo and enhanced delivery efficiency to target tissues without compromising the gene silencing activity. 4, 5 Besides, siRNA can be conjugated to a chemical moiety and then incorporated in a nanoscale delivery system. 6, 7 However, because siRNAs are susceptible to degradation by various factors, the stability of siRNA is always a major concern in the chemical conjugation process. Moreover, in most cases, the method used to purify conjugated siRNA is complicated and usually results in a significant loss of the product.
Peptide nucleic acids (PNAs) are oligonucleotide analogues that contain normal DNA bases, but the phosphodiester backbone is substituted with a polyamide structure consisting of repeating N-(2-aminoethyl) glycine units. 8 Due to this change, PNAs attain several unique advantages over DNA or RNA when used as therapeutics, including high affinities for complementary DNA and RNA, resistance to nucleases and proteases, and high stability in a biological environment. 9 Since the introduction of PNA two decades ago, the applications of PNA have been extended from antisense and antigene agents to biomolecular tools, molecular probes, and biosensors. PNAs have been adopted as biosupramolecular tags for programmable assemblies and reactions. 10 Moreover, PNAs have been used as adapters to attach ligands or synthetic peptides, such as nuclear localization signals and transferrins, to plasmids, resulting in enhanced nuclear localization and targeting efficacy. 11, 12 In this study, we employed PNA as a complementary linker to noncovalently attach chemical moieties to siRNAs by annealing. The objective of this study is to identify a relatively easier but more efficient strategy to link chemical moieties to siRNAs and improve their stability while maintaining their silencing activity.
■ MATERIALS AND METHODS
Materials. Luciferase siRNA, PCPB2 siRNA (Sense strand 5′-GUCAGUGUGGCUCUCUUAC-3′), scrambled siRNA, and Lipofectamine 2000 were purchased from Invitrogen (Carlsbad, CA). Cell culture reagents were ordered from Mediatech, Inc. (Manassas, VA). PNAs and PNA conjugates were ordered from PNA Bio Inc. (Newbury Park, CA).
Cell Culture. HeLa cells were obtained from American Type Culture Collection (Manassas, VA). HSC-T6 cells were kindly provided by Dr. Scott L. Friedman (Mount Sinai School of Medicine, New York University). Both HeLa and HSC-T6 cells were cultured in DMEM medium supplemented with 10% FBS, penicillin (100 unit/ mL), and streptomycin (100 μg/mL).
Annealing of siRNA Duplex with PNA. Equal amounts (100 μM) of sense and antisense strands of the siRNA were mixed in the presence of annealing buffer. The mixture was then incubated at 95°C for 3 min and slowly cooled to room temperature. The formed siRNA duplex was then annealed with the PNA solution at a 1:1 molar ratio in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). The annealed siRNA−PNA chimera was confirmed by electrophoresis on a 20% native polyacrylamide gel and visualized by staining with GelRed.
Serum Stability of the siRNA−PNA Chimera. siRNAs or siRNA−PNA chimeras were incubated with 50% rat serum at 37°C for a series of time intervals. After incubation, the samples were collected, and the stability of siRNA−PNA chimeras was evaluated by electrophoresis on a 20% native polyacrylamide gel and visualized by staining with GelRed. Intensities of the gel bands were quantitated with ImageJ.
Luciferase Assay. The firefly luciferase plasmid, renilla luciferase plasmid, and siRNA were cotransfected using Lipofectamine 2000. Cotransfection of a reporter plasmid with its correspondent siRNA is a standard protocol to screen the silencing activity of numerous siRNAs at protein level in a short period of time. 13, 14 Briefly, HeLa cells were seeded in a 96-well plate at a density of 1.0 × 10 4 cells/well in complete DMEM medium 12 h before the transfection. For each well, 60 ng of the firefly luciferase plasmid and 6 ng of the renilla luciferase plasmid were diluted with 12.5 μL of Opti-MEM I reduced serum medium, and 0.13 μL of Lipofectamine 2000 was diluted with 12.5 μL of Opti-MEM I medium. The Lipofectamine 2000 and plasmid dilutions were then mixed and incubated at room temperature for 25 min before transfection.
For transfection, the siRNA or siRNA−PNA chimera was diluted with 12.5 μL of Opti-MEM I medium to a final concentration of 50 nM in the plate. Next, 0.2 μL of Lipofectamine 2000 was diluted with 12.5 μL of Opti-MEM I medium, and the complex was formed after two solutions were mixed. After the complex has formed, the cell culture media was removed from the seeded wells, and 50 μL of antibiotic-free Opti-MEM I medium was added into each well, followed by 25 μL of plasmid DNA and siRNA or the siRNA−PNA chimera. After a 6 h incubation at 37°C in a CO 2 incubator, the medium was replaced with 100 μL of DMEM supplemented with 10% FBS, penicillin (100 unit/mL), and streptomycin (100 μg/mL). 48 h after the transfection, firefly and Renilla luciferase activities were measured sequentially from a single sample using the dual-luciferase reporter (DLR) assay system. The relative firefly luciferase activity was calculated by normalizing results with Renilla luciferase activity.
Cellular Uptake Study Using Flow Cytometry. Cells were seeded in 6-well plates at a density of 2.0 × 10 5 cells/well and incubated at 37°C overnight. On the next day, the cells were washed with DPBS and incubated with the Alexa Fluor 647-labeled siRNA− PNA-peptide-431 for 6 h in Opti-MEM I reduced serum medium. After the incubation, the cells were incubated in DPBS containing 1 mg/mL of heparin at 37°C for 15 min. Subsequently, the cells were washed with DPBS three times, trypsinized, and centrifuged to remove trypsin. Finally, the fluorescent signals in the cells were analyzed on a FACSCalibur flow cytometer.
Silencing Activity of siRNA−PNA-Peptide. HSC-T6 cells were seeded in a 24-well plate at a density of 5 × 10 4 cells/well 12 h before transfection. PNA-peptide-431 was purchased from PNA Bio Inc. (Newbury Park, CA) using the solid-phase peptide synthesis method. The cells were then washed with DPBS and incubated with the siRNA−PNA-peptide-431 at a final concentration of 2 μM siRNA in Opti-MEM I reduced serum medium. After incubation for 24 h, the cells were harvested for RNA isolation. Silencing activity was evaluated by real-time RT-PCR as we described before. 15 The primers used in this study were as follows: PCBP2, 5′-ACCAATAGCACAGCTGCCAGTAGA-3′ (forward primer) and 5′-AGTCTCCAACATGACCACGCAGAT-3′ (reverse primer), and 18s rRNA (as internal control), 5′-GTCTGTGATGCCCTTA-GATG-3′ (forward primer), and 5′-AGCTTATGACCCGCACT-TAC-3′ (reverse primer).
Silencing Activity of the PCBP2 siRNA Nanocomplex Containing siRNA−PNA−Bitoin. Biotin-labeled PNA was purchased from PNA Bio Inc. (Newbury Park, CA) and annealed with PCBP2 siRNA containing the complementary sequence to form the siRNA−PNA−biotin chimera. Subsequently, siRNA−PNA−biotin chimera, biotin-labeled IGF2R-specific peptide-431, and neutravidin were mixed in a 3.9:0.1:1 molar ratio at room temperature for 10 min to form the siRNA/neutravidin/peptide complex, which was further condensed with protamine at a N/P ratio of 2.5:1 for 30 min to form the final PCBP2 siRNA nanocomplex as described. 7 Protamine is a cationic peptide that has been widely used for nucleic acid delivery. 16−18 Moreover, protamine has been approved as a heparin antagonist by the FDA. In a recent clinical study for heparin reversal, toxicities were not observed in 380 patients who received systematic administration of protamine at an average dose of 39.1 mg. 19 HSC-T6 cells were transfected with the PCPB2 siRNA nanocomplex at a final concentration of 50 nM siRNA in Opti-MEM I reduced serum medium for 6 h at 37°C. The cells were incubated in complete medium for 18 h and then harvested for RNA isolation, and the silencing activity at the mRNA level was evaluated as described above.
Western Blot. HSC-T6 cells were transfected with siRNA−PNA− peptide-431 or siRNA nanocomplex for 24 and 6 h, respectively, at 37°C
, followed by incubation in a fresh DMEM medium supplemented with 10% FBS for another 24 or 42 h. Subsequently, the cells were lysed, and proteins were obtained as we described before. 20 Twenty micrograms of the protein were loaded to a 12% SDS-PAGE gel and separated under 70 V for 2 h. The proteins were then transferred to a PVDF membrane, blocked with 5% nonfat milk, and probed with the primary anti-PCPB2 antibody.
Statistics Analysis. Data were presented as the mean ± standard deviation (SD). The difference between any two groups was determined by ANOVA with Tukey's post hoc test, and P < 0.05 was considered statistically significant.
is to develop a PNA-based platform to noncovalently attach chemical moieties to siRNAs without comprising their silencing activity ( Figure 1A ). The first step is to identify a PNA sequence that can form a stable chimera with siRNA. We accordingly designed two PNA sequences: an 8-mer PNA with the sequence CACCACTC and a 9-mer PNA with the sequence CACCACCAC. The melting temperatures of the 8-mer PNA and 9-mer PNAs with complementary RNA are 43.7 and 54.2°C, respectively. The PNAs were annealed to the 3′ end of the sense strand of the luciferase siRNA at room temperature for 30 min to form siRNA−PNA chimeras. The chimeras were then incubated at 37°C in TE buffer for various time intervals to evaluate their stability at physiological temperature. If the 8-mer PNA was annealed to the siRNA, approximately half of the chimera dissociated at 37°C after 2 h ( Figure 1B ). In contrast, the chimera of the siRNA with the 9-mer PNA displayed better stability, and most of the chimera was stable for up to 2 h at 37°C ( Figure 1C) . We, therefore, use the 9-mer PNA for the following studies.
Formation of the siRNA−PNA Chimera at Different Termini and a Comparison of Their Serum Stability. The thermodynamic stability of the siRNAs' termini determines their functionality. It is therefore critical to determine which terminus of siRNAs is the best site to form chimeras with PNAs. As described in Figure 2 , the luciferase siRNA was annealed to the 9-mer PNA at four different termini (5′ and 3′ ends of the sense and antisense strands of the siRNA). Subsequently, all siRNA−PNA chimeras were incubated with 50% rat serum for a series of time intervals. The native siRNA was nearly completely degraded after a 4 h incubation at 37°C. On the other hand, all siRNAs annealed with PNA exhibited enhanced serum stability. The chimeras in which PNA was annealed at the 3′ end of the sense (siRNA−PNA1) and 5′ end of the antisense (siRNA−PNA4) strands of siRNA exhibited better serum stability than the chimeras in which PNA was annealed at the 5′ end of the sense (siRNA−PNA2) and 3′ end of the antisense (siRNA−PNA3) strands of the siRNA.
Silencing Activity of the siRNA Annealed with PNA at Different Ends. The silencing effects of the siRNAs annealed with PNA at different ends were evaluated. All luciferase siRNA−PNA chimeras and native luciferase siRNA were transfected into HeLa cells using Lipofectamine 2000. The silencing effect was detected using the Luciferase assay as described above. As shown in Figure 3 , three of the siRNA− PNA chimeras showed reduced silencing activity compared to the native siRNA, except the siRNA annealed with PNA at the Serum stability of the siRNA−PNA chimeras annealed at different termini of the siRNA. The luciferase siRNA was annealed to the 9-mer PNA (CACCACCAC) at the 5′ and 3′ termini of the sense and antisense strands. The chimeras were incubated in 50% rat serum at 37°C for a series of time points. Serum stability of the samples was evaluated by electrophoresis on a 20% native polyacrylamide gel and visualized by staining with GelRed. Intensities of the gel bands were quantitated with ImageJ. Results are presented as mean ± SD (n = 3 independent experiments).
3′ end of the sense strand. This siRNA−PNA chimera (siR− PNA1) retains the same silencing effect as the native siRNA. Therefore, PNA does not influence the silencing effect only when it is annealed to the 3′ end of the sense strand of the siRNA. This result also demonstrates that the annealed PNA in siR−PNA does not affect the unwinding of siRNA by the RNA-induced silencing complex (RISC) inside the cells.
Silencing Activity and Serum Stability of the siRNA Annealed with Two PNAs at Both Ends. We also annealed two different 9-mer PNAs, ACACTCACG and CACCAC-CAC, to the 5′ and 3′ ends of the sense strand of the siRNA, respectively, to further increase the serum stability of the siRNA. The melting temperature of the PNA sequence ACACTCACG is 55.3°C, which is similar to that of the PNA CACCACCAC. Two PNA sequences were incubated with the siRNA in TE buffer at 37°C to allow the formation of the PNA−siRNA−PNA chimera. The formation of the chimera was confirmed by electrophoresis on a 20% native polyacrylamide gel and visualized by staining with GelRed. As illustrated in Figure 4 , both PNA sequences were successfully annealed to the siRNA, and each PNA sequence specifically annealed to its complementary RNA sequence. For example, when the siRNA and the PNA (ACACTCACG) were annealed at a 1:2 molar ratio, the PNA only annealed to its complementary sequence at the 5′ end, but not 3′ end, of the sense strand, indicating precise annealing to its complementary sequence. Similar specificity was also observed when the PNA (CACCACCAC) was annealed to the 3′ end of the sense strand.
However, silencing activity of the PNA−siRNA−PNA chimeras was compromised ( Figure 5 ). We then inserted one and two nucleotides as a spacer between PNA and the antisense strand of the siRNA to minimize the effect of PNA on the thermodynamic stability of the siRNA. As Figure 6 showed, gene silencing activity of the PNA−siRNA−PNA chimera containing a single-nucleotide space was restored, suggesting an optimized distance between the PNA to the ends of the antisense strand is critical for its silencing activity. We then evaluated the serum stability of the siRNAs annealed with two PNAs. As illustrated in Figure 7 , the siRNA duplex with sticky ends was immediately degraded into the 21-mer siRNA duplex in the serum, and the 21-mer siRNA was then degraded in a similar pattern as the native siRNA duplex in Figure 2 . This is because single-strand RNA molecules are extremely unstable in the serum. In contrast, the PNA−siRNA−PNA chimera exhibited much better stability. However, the chimeras containing a gap between the PNA and the antisense strand were less stable in the serum. This result indicates that even a single nucleotide, which is not annealed to its complementary sequence, can be rapidly degraded in the serum. In conclusion, the best strategy for attaching PNA to siRNA is to anneal a single PNA to the 3′ end of the sense strand of siRNAs to achieve a good serum stability and high silencing activity.
Application of the siRNA−PNA Platform in Attaching a Targeting Moiety to siRNA. We next investigated whether the siRNA−PNA chimera platform can be used to attach a targeting ligand to siRNA and enhance its delivery to target cells. Herein, we employed an IGF2R-specific peptide ligand, peptide-431, which can be used to deliver therapeutic agents to hepatic stellate cells. 21 Peptide-431 was linked to PNA with a spacer of five glycine residues to maintain the targeting capability of the peptide. As illustrated in Figure 8A , PNA− peptide-431 was annealed to the 3′ end of the sense strand of the PCPB2 siRNA, which was previously discovered by us as a promising siRNA for the treatment of liver fibrosis. 20, 22 The sense strand of the PCBP2 siRNA was labeled with Alexa Fluor 647, and cellular uptake of the siRNA−PNA−peptide-431 chimera was evaluated in a rat hepatic stellate cell line (HSC-T6) using flow cytometry. Native siRNA was used as a negative control. HSC-T6 cells took up significantly higher Figure 3 . Silencing activity of the siRNA−PNA chimeras annealed at different termini of the siRNA. The luciferase siRNA was annealed to the 9-mer PNA (CACCACCAC) at 5′ and 3′ termini of the sense and antisense strands. Native siRNA or siRNA−PNA chimeras were cotransfected with the firefly luciferase plasmid and renilla luciferase plasmid using Lipofectamine 2000. A scrambled siRNA was used as the negative control. 48 h after transfection, the dual-luciferase reporter (DLR) Assay System was used to detect the relative luciferase expression level of each sample. Results are presented as mean ± SD (n = 3 independent experiments). levels of the siRNA−PNA−peptide-431 chimera than the native siRNA, which only exhibited negligible cellular uptake ( Figure 8B ). We then evaluated the silencing activity of the siRNA− PNA−peptide-431 chimera in HSC-T6 cells. As shown in Figure 8C , compared to scrambled siRNA, the siRNA−PNA− peptide-431 chimera silenced the PCBP2 at the mRNA level for 40%. Similar silencing activity at the protein level was also observed by Western blot analysis ( Figure 8D) .
Application of the siRNA−PNA Platform in the Fabrication of the siRNA Nanocomplex. Having shown that the siRNA−PNA chimera strategy can be used to noncovalently link a targeting ligand to siRNA to enhance the delivery efficacy of the siRNA, we also investigated whether this strategy can be used to fabricate siRNA into nanocomplexes. In our previous work, we have developed a neutravidin-based siRNA nanocomplex to deliver siRNA to hepatic stellate cells. The nanocomplex protects siRNA from degradation and exhibits high silencing activity. 6, 15 Moreover, a whole blood assay was conducted to evaluate the effect of neutravidin nanocomplex on the expression of inflammatory cytokines. The results showed that the neutravidin nanocomplex did not induce the expressions of TNFα and IL-6 after 48 h incubation. The nanocomplex only slightly induces the expression of IFNγ after 48 h incubation. 6 Although the neutravidin siRNA nanocomplex demonstrated high silencing activity with good safety, the siRNA was chemically conjugated to biotin, which limits the application of the siRNA nanocomplex in animal studies because of the difficulty and low yield of the chemical conjugation. Here, we conjugated biotin to PNA and then annealed the PNA−biotin to the PCBP2 siRNA to form the siRNA−PNA−biotin chimera, which was then mixed with neutravidin, biotin− peptide-431, and protamine to form the siRNA nanocomplex ( Figure 9A ). The siRNA nanocomplex was incubated with HSC-T6 cells and exhibited nearly 70% silencing activity at the mRNA level ( Figure 9B ). Similar silencing activity at the protein level was also observed in Western blot analysis ( Figure 9C ). The silencing activity is comparable to the siRNA nanocomplex using biotin-conjugated siRNA in our previous reports, 6, 7 suggesting that the siRNA−PNA−biotin has the same capability as the biotin-conjugated siRNA to form the siRNA nanocomplex and subsequently silence the target gene.
■ DISCUSSION
Since its discovery in 1998, the RNA interference has been widely used to regulate the expression of specific genes. Silencing effect of the siRNA−PNA chimeras containing one or two PNAs. The native siRNA or siRNA−PNA chimeras were cotransfected with the firefly luciferase plasmid and renilla luciferase plasmid using Lipofectamine 2000. A scrambled siRNA was used as the negative control. A dual-luciferase reporter (DLR) assay system was used to detect the relative luciferase expression level of each sample. Results are presented as mean ± SD (n = 3 independent experiments). Figure 6 . Silencing effect of the PNA−siRNA−PNA chimeras containing a space between the PNA and the antisense strand. The native siRNA or PNA−siRNA−PNA chimeras were cotransfected with the firefly luciferase plasmid and renilla luciferase plasmid using Lipofectamine 2000. A scrambled siRNA was used as the negative control. 48 h after transfection, a dual-luciferase reporter (DLR) assay system was used to detect the relative luciferase expression level of each sample. Results are presented as mean ± SD (n = 3 independent experiments).
siRNAs are one of the most widely used RNAi tools for the short-term downregulation of gene expression by degrading the mRNA. Over the past two decades, tremendous efforts have focused on developing novel siRNA delivery systems for therapeutic application. Among all approaches, nonviral delivery systems that use cationic lipids, polymers, or peptides to form nanoscale complexes with anionic siRNA have been widely studied. However, the significant toxicity of these cationic materials both in vitro and in vivo cannot be ignored. 23 An alternative strategy that conjugates the siRNA to a targeting ligand, such as an antibody, peptide, or small molecule, can directly deliver the siRNA to the target tissue, thus increasing the selectivity and reducing the toxicity of cationic materials. siRNAs are mainly conjugated to targeting ligands using disulfide bonds and thioester bonds as the cleavable linker to release native siRNA inside cells. However, because of the poor stability of RNA, chemical conjugation of siRNAs is always complicated with a very low yield, thus limiting their application in animal studies. Therefore, there is a great need to develop a new method to noncovalently link targeting ligands to siRNAs without chemically modifying siRNA. In our study, we employed PNA as a complementary linker to form the siRNA−PNA chimera by annealing. Targeting ligands or other chemical moieties can be chemically conjugated to PNA, which is more stable than siRNAs in chemical reactions. Subsequently, the PNA−ligand conjugate is simply annealed to the siRNA duplex to form the siRNA−PNA chimera. Also, when the siRNA−PNA−chimera is unwound, the PNA−ligand will be detached to release the native siRNA to exert its silencing activity.
PNAs are oligonucleotide analogues in which the negatively charged sugar−phosphate backbone is replaced with neutral N-(2-aminoethyl) glycine units. 8, 27 Due to this neutral backbone, PNA anneals to its complementary DNA or RNA sequence without electrostatic repulsion. As a result, PNA has a higher affinity and selectivity for its complementary sequence and a relatively higher T m compared to DNA or RNA. 28 Since PNA was first described, it has been widely used as antisense and antigene agents, microarrays, biosensors, imaging probes, fluorescence in situ hybridization (FISH), and PCR clamping. 29−32 In this study, a PNA is annealed to an siRNA to generate the siRNA−PNA chimera. Our results indicated that T m is critical in forming a stable siRNA−PNA chimera. The T m must be sufficiently high to maintain the thermal stability of the chimera at physiological temperature. On the other hand, the T m must not be too high to prevent the siRNA from unwinding and incorporating into the RISC, which would significantly reduce the silencing activity of the siRNA. Ursula Giesen et al. developed a formula to calculate the T m for a PNA/DNA hybrid that exhibited a good predictive ability. 33 Two PNA sequences, an 8-mer PNA CACCACTC and a 9-mer PNA CACCACCAC, were annealed to the siRNA duplex, and the T m of the siRNA−PNA chimera was calculated using the reported formula. T m of the siRNA−PNA(8-mer) chimera is 43.7°C, whereas the T m of the siRNA−PNA (9-mer) chimera is 54.2°C. Accordingly, the 9-mer PNA forms a more stable chimera with the siRNA (Figure 1 ) and therefore is selected as the complementary linker for this study.
An siRNA duplex has four potential sites for conjugation: the 5′ and 3′ ends of the sense and antisense strands. Czauderna et al. evaluated the silencing activities of siRNAs when the 5′ and 3′ ends of the sense and antisense strands were modified. Modifying the 5′ end of the antisense strand dramatically reduces the siRNA silencing activity, but no negative effects are observed when other three termini were modified. 34 Because the 5′ end of the antisense strand must be phosphorylated by the RISC for recognition, it is usually not modified. 35 In our study, the PNA was annealed to four possible sites on the siRNA: the 5′ and 3′ ends of the sense and antisense strands of the siRNA duplex. Accordingly, 5′ or 3′ ends of the antisense or sense strands of the siRNA duplex were extended by a 9-mer complementary RNA sequence for annealing. As shown in Figure 3 , the siR−PNA4 chimera contains an extended RNA sequence at the 5′ end of the antisense strand and therefore exhibits reduced silencing efficacy. This is in accordance with others' reports indicating that the 5′ end of the antisense is essential for the activity of siRNA. 34, 35 The siR−PNA3 chimera also shows diminished activity because its antisense strand was extended at the 3′ end, which affects its complementation with its target mRNA. In addition, the siR−PNA2 chimera containing an extended RNA sequence at the 5′ end of the sense strand also exhibits a diminished silencing activity. Only the siR−PNA1 chimera with an extended RNA sequence at the 3′ end of the sense strand maintains the original activity of the siRNA. This could be because annealing of PNA to the 5′ end of the sense strand affects unwinding of the siRNA duplex inside the cells. As a result, the 3′ end of the sense strand is the best annealing position for PNA to form a stable siRNA−PNA chimera without comprising silencing effect.
Another advantage of using PNA in the siRNA chimera is its resistance to nuclease and protease degradation, which improves the serum stability of the siRNA−PNA chimera. For example, the siRNA−PNA chimera exhibits enhanced serum stability in Figure 2 . In addition, the serum stability of the siRNA is further improved when it is annealed to two PNA sequences ( Figure 7) . However, silencing activity of the PNA− siRNA−PNA chimera was compromised. It is postulated that two PNAs form a quite stable duplex with the sense strand, which limits the unwinding of the antisense strand from the sense strand. As a result, the chimeras containing only one PNA is the optimized strategy to noncovalently link a chemical moiety to siRNA without affecting its silencing activity.
■ CONCLUSION
In summary, we developed a new method to noncovalently attach chemical moieties to siRNAs using a 9-mer PNA as a complementary linker. Compared to native siRNA, the siRNA−PNA chimera exhibits improved serum stability and maintains the silencing activity. We also demonstrated that this chimera platform can be used to construct a peptide−siRNA conjugate and an siRNA nanocomplex without chemical modification of the siRNA. The constructed siRNA agents were successfully delivered to hepatic stellate cells and silenced its target gene. This new technology will greatly reduce the difficulty and cost in conjugating chemical moieties to siRNAs. This is particularly true for animal studies using siRNA, in which a large quantity of siRNA is always needed. 
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